Rice is an important produced cereal in the world. We evaluated the effect of salt compositions including NaCl and Na 2 SO 4 on suberin lamellae as a major barrier to radial ion and water movements in two rice genotypes representing contrasting salt tolerance levels under salinity stress. Two rice genotypes, Fajr as salt tolerant and Khazar as salt sensitive, were transplanted in sand culture under glasshouse condition. Rice seedlings were treated with five salt compositions including NaCl, Na 2 SO 4 , 1 : 1, 1 : 2, and 2 : 1 molar ratios for 40 days. It was proven that suberin lamellae in endodermis of root cell wall were thickened with Na 2 SO 4 treatment. The results demonstrated that the number of passage cells was higher in Fajr genotype than that in Khazar genotype under saline condition. Calcium concentration in root tissue decreased as the SO 4 2− concentration in root media increased. It can be concluded that Fajr genotype is able to keep some passage cells open to maintain Ca 2+ uptake. The Ca 2+ /Na + ratio in shoot tissue can be also a reliable index for the early recognition of salt stress in these rice genotypes.
Introduction
When plants are exposed to the environmental conditions such as salinity stress, they have to overcome drought. It is necessary to prevent water and nutrient that were taken up by the roots from leaking out of the root tissues. Three parallel pathways of water uptake from the soil solution into the central cylinder of the root are known: (1) the apoplastic pathway around protoplasts, (2) the symplastic pathway through plasmodesmata, and (3) the transcellular pathway with the water molecules moving from one living cell to the next by crossing two plasma membranes and part of the apoplast at each cell layer [1] . Water and dissolved solutes movements through the cell wall or apoplast are prevented by the Casparian band. If these movements are blocked in the apoplast, these materials (water and dissolved solutes) must pass through the plasma membrane and be transported in the protoplast via the plasmodesmata.
The response of plants to environmental conditions, such as drought, salt stress, or oxygen deficiency, is usually associated with suberin deposition in apoplastic pathway.
The formation of suberin, as an extracellular biopolymer can be an effective strategy [2] . Suberized walls in the endodermis are known as the major barriers to radial ion and water movements in plant roots [3] .
The architecture of roots including their anatomy and morphology is affected by growth conditions [4, 5] . This attribute may allow some flexibility in response of rice to water shortage according to the demand from the shoot tissue under saline conditions [6] .
The structural changes in root cell wall are known as mechanical impedance to protecting the root from water loss and/or leakage of solutes. This may play an important role in osmotic adjustment [3] . The studies on radial apoplastic water transport of roots revealed that plants adjust the degree of suberization in their tissues in response to environmental stimuli and regulating the apoplastic transport of water and solutes [2, 7, 8] .
Plants establish suberin lamellae at the inner side surfaces of either epidermal or endodermal cell walls with the exception of the passage cells [8] . Apoplastic barriers in rice roots have been reported in both the exodermal and endodermal 2 International Journal of Agronomy cell walls [9, 10] . It has been revealed that the main resistance for radial water flow in rice roots is located in the endodermis [10, 11] .
A reduction in nutrient uptake (K, Ca) and toxic ions effects of excess Na + and Cl − uptake are two effects of salinity on crops. The nutrients available, competitive uptake, and transport or compartmentalizing within plant tissue were affected by many factors in soil-plant environment. The ascending salinity levels significantly reduced potassium (K + ) and calcium (Ca 2+ ) accumulation in shoots, while the concentration of sodium (Na + ) was increased [12] . High concentration of Na + in soil solution or rhizosphere may reduce nutrient uptake and the Ca 2+ /Na + and K + /Na + ratios within plant tissues. It means that there is a complex antagonistic effect between salinity in rhizosphere and nutrient uptake by plants. Na + as a major cation in saline conditions reduces K + and Ca 2+ uptake [13] .
The maintenance of adequate levels of nutrient elements particularly K + and Ca 2+ can be a defense mechanism against the salinity stress [13] . The Na + salinity with Cl − or SO 4 2− dominance has a different effect on nutrient uptake, and the response of plant species to each of these salinising systems is different. For instance, the K + content of chickpea and pea shoot was greater in the SO 4 2− system than in the Cl − system. In contrast, Ca 2+ uptake was greater from a Cl − -dominated solution compared to SO 4 2− system [14] [15] [16] . The balance of nutrients (K + , Ca 2+ , and Mg 2+ ) is compulsory for the biochemical components or cytosolic enzymes activities [17] or cell membrane potential rectification [18, 19] .
There are few works to understand the deposition and function of suberin lamella in response to salt stress in rice [20] . However, there is no available knowledge to show the effects of different salt compositions on suberin lamellae in root cell walls. Therefore, it is expected that the suberin lamellae as mechanical impedance can play an important role to withstand salinity stress and could be a useful subject for the development of increased salinity resistance. On the other hand, nutrients uptake, especially Ca 2+ , can be controlled by suberin development in cell wall of roots under salinity conditions. Many studies have been focused on the responses of rice genotypes to NaCl salinity stress [21, 22] . It is assumed that salt compositions might play a role in plant response to salinity stress, but direct evidence is generally lacking. Only a few studies have compared the different salt mixtures [23] [24] [25] . Therefore, this study focused on the effects of different salt compositions on suberin development in the roots and as mechanical impedance for mineral nutrient uptake as in two rice genotypes representing contrasting levels of salt tolerance under the salinity stress.
Materials and Method
The experiment was conducted in the greenhouse at Universiti Putra Malaysia (UPM) from December 2008 to February 2009. Ten rice seedlings of Fajr and Khazar genotypes as salt tolerant and sensitive, respectively, were transferred to pots that contained 12 kg acid-washed sand. The pots were placed in the glasshouse in a randomized complete block design (RCBD) in 3 replications at ambient conditions. Air temperature ranged from 30 to 34
• C during the day and from 26 to 28
• C during the night. The pots were flooded with distilled water for 3 days after transplanting, after that the rice seedlings were grown using half strength Hoagland's and saline solutions. Five uniform seedlings were kept in each pot after salt treatment. Salt treatments of NaCl, Na 2 SO 4 and their mixtures (1 : 1, 2 : 1, and 1 : 2 molar concentrations) were dissolved in nutrient solution at EC of 7 dS m −1 for 40 days. Electrical conductivity of nutrient solution as control was maintained at 1 dS m −1 . Nutrient solution was renewed every week. The water level was maintained at 5 cm above the sand surface with distilled water to each pot every day. Forty days after salt treatment, rice seedlings were harvested for the evaluation of the presence of suberin in the lamellae of cell walls of the primary roots and root characteristics. Subsequently, water content and mineral nutrient concentrations were measured in root and shoot tissues, separately.
The clean roots were scanned by WINRHIZO system (Soil Chemistry lab, Land Resource Management Department, UPM). The freehand cross-sections were made at 50-100 mm from the root tips. The average lengths of rice roots (lateral root) were 25 cm. They were stained with Sudan Black B [26] . The thin sections were stained by saturated solution of Sudan Black B (dissolved in 70% ethyl alcohol) for 1 hour at room temperature and washed briefly in water and mounted in 75% glycerol (v/v). Sections were viewed under a light microscope (Olympus bx51, Olympus and Melville, NY, USA).
Plant materials (shoot and root separately) were dried in a forced-air oven (70-75
• C) for 48 hours. Dry and fresh weight and water content were calculated. Mineral nutrient analysis (Ca 2+ , Mg 2+ , K + , and Na + ) in root and shoot tissues, was performed the dry ashing method as described by Sahrawat et al. [27] . Five hundred mg of samples (root or shoot part) were burned to ash by using a muffle furnace for 6 hours at 550
• C. Concentrated HCl and HNO 3 (20%) were added to the ash and heated for 1 hour. The mixture was decanted into 25 mL volumetric flask and made to volume with distilled water. The solution was analyzed for K + , Ca 2+ , Mg 2+ , and Na + by the inductively coupled argon-plasma emission spectrometry (ICP trace analyzer; Land Resource Management Department, UPM).
Statistical Analysis.
Collected data were subjected to analysis of variance (ANOVA) using SAS program (SAS Institute Inc, 1998) to compute genotypic (G) and salt composition effects (SC) and their interactions. ANOVA was also done, and Tukey's Studentized procedure (P ≤ 0.05) was used to detect significant differences.
Results
Agronomic Parameters. Salinity stress significantly (P ≤ 0.05) affected the agronomic parameters. The main effects of genotypes and salt compositions were significant for most of agronomic parameters. However, the interactive effect between rice genotype and salt composition was not significant ( Table 1 ). The data analysis within rice genotypes demonstrated that Fajr genotype, as salt tolerant, had the highest values of agronomic parameters including root characteristics, root-shoot ratio, dry biomass, and water content of roots (Table 2) . Salinity stress significantly decreased root characteristics and root-shoot ratio compared to control. In accordance with the effect of different salt compositions on root growth, single salts (NaCl and Na 2 SO 4 ) decreased root length more than mixed salt treatments (1 : 1, 1 : 2, and 2 : 1 molar ratios). Nevertheless, root tips showed no significant changes at different salt composition treatments. The highest and the lowest water content of shoot tissue were recorded for NaCl and 1 : 2 molar ratios, respectively. On the other hand, the lowest and the highest dry biomass were observed at 1 : 1 molar ratio and NaCl treatments, respectively (Table 3) .
Suberin Lamellae. Root dissections showed that there were striking differences in color density of endodermal cell wall ( Figure 1 ). Passage cells were visible for Fajr genotype at control and EC of 7 dS m −1 ; however, there were a few passage cells in the endodermal cell wall of Khazar genotype at the same treatment.
Data of the thickness of suberin lamellae in endodermis showed that suberin deposition was significantly (P ≤ 0.05) affected by salinity stress. There was an interactive effect between genotype and salt composition. Rice genotypes demonstrated different responses to salinity stress (Figure 2 ). Salt composition significantly affected the thickness of suberin lamellae but with substantial variability between rice genotypes ranging from 19.6 to 5.1 µm and 12.7 to 3.9 µm for Khazar and Fajr genotypes, respectively. The thickest and the thinnest of suberized lamellae were recorded for both Fajr (salt tolerant) and Khazar genotypes at Na 2 SO 4 and 2 : 1 salt compositions, respectively.The effect of salt compositions on the thickness of suberized lamellae was significantly (P ≤ 0.05) recorded when the analysis was done within salt compositions. The thickest of suberized lamellae were recorded at Na 2 SO 4 treatments, and the thinnest of suberized lamellae were observed at 2 : 1 molar ratio ( Figure 3 ). However, no significant differences in suberized lamella thickness were observed between mixed salts (1 : 1, 1 : 2, and 2 : 1 molar ratios).
In accordance with the effect of salt concentration on suberized lamellae, rice genotypes with different salt resistances demonstrated the different responses to salt levels. Reduction of the thickness of suberized lamellae was observed for Khazar genotype as salt sensitive when salt concentration increased. However Fajr genotype as salt tolerant showed an increase in the thickness of suberized lamellae by increasing salt concentration, regardless of salt composition (Figure 4) .
Mineral Nutrients Status.
The data from the mineral nutrients concentrations showed a significant difference between control and salt compositions. Rice genotypes maintained the mineral nutrient ratios in root tissue. An interactive effect between salt composition and rice genotypes was not significant. The data analysis within control and different salt compositions showed that Na + concentrations increased in root and shoot tissues. The highest sodium concentration in root tissue (by about 11 µg·g −1 DW) and shoot tissue (by about 118 µg.g −1 DW) were recorded for 2 : 1 ratio (Figures 5 and 6 ). On the other hand, the lowest sodium concentrations in root tissue (by about 4 µg·g −1 DW) and shoot tissue (by about 28 µg.g −1 DW) were observed for Na 2 SO 4 . As shown in Figures 5 and 6 , potassium uptake was inhibited by salinity stress especially at NaCl and Na 2 SO 4 treatments. Potassium concentration in root and shoot tissues showed a decrease at NaCl and Na 2 SO 4 treatments; however, an upward tendency was observed at different salt ratios (1 : 1, 1 : 2 and 2 : 1 ratios). The highest and the lowest calcium concentration in root tissue were at 2 : 1 ratio and Na 2 SO 4 treatments, respectively ( Figure 5 ). Therefore, it seems there was an antagonistic effect between Ca 2+ uptake and SO 4 2− concentration in the root medium. Salinity stress decreased K + , Ca 2+ , and Mg 2+ concentration but increased Na + concentration in shoot tissue. The assessment of mineral nutrient ratios across the two rice genotypes also revealed that Fajr genotype had the highest Ca 2+ /Na + ratio in both root (by about 0.3) and shoot (by about 1.5) tissues. Khazar genotype showed the lowest ratios of mineral nutrients (Figure 7 ).
Discussion
Dry matter biomass production and partitioning between different plant tissues were significantly altered by salt stress. The decrease in shoot biomass was greater than that inroot biomass due to salt stress. It can be suggested that growth of rice roots is less sensitive to salinity than shoot growth. The response of plant to high salinity is a decrease in the rate of shoot growth with the consequence of reducing whole-plant leaf area [28] . Salinity reduced shoot growth more than root growth. This result was similar to that of the study of Munns [29] , which showed that root-shoot ratio increased by salt stress. The results revealed that Fajr genotype as salt tolerant demonstrated high root-shoot ratio and high water content of root tissue. It is seen that this genotype was able to adapt to this condition because it had the highest water content percentage (Tables 2 and 3) . Consequently, this genotype was able to take up water from the root media under saline condition. Suberin deposition was also increased in endodermal cells of Fajr genotype by increasing salt concentration. However, Khazar genotype as a salt sensitive showed a reduction of suberin deposition at 7 dS m −1 compared to control (Figure 4 ). Suberin lamellae as the major barriers can control radial water movement resulting in osmotic adjustment [3] . The results of this study proved that suberization was extended to endodermal cells of Fajr genotype more than Khazar genotype. This mechanism can be defined as mechanical impedance against salt stress (Table 2 and Figure 4 ). This result was confirmed by the study of Krishnamurthy et al. [20] . The findings of this study show that Ca 2+ concentration in root tissue decreases by increasing SO 4 2− concentration in root media ( Figure 5 ). It appears that there is an antagonistic effect between high SO 4 2− concentration and Ca 2+ uptake. Besides, it has been indicated that Ca 2+ in biological systems plays a signaling role [33] . It has also been reported that high Na + concentration in maize rhizosphere induced an increase in cytosolic Ca 2+ that was taken up through the apoplastic pathway and intracellular compartments [30] . Furthermore, it proved that the change in salt composition affects mineral uptake and their transport from root to shoot tissues. The Ca 2+ /Na + instead of K + /Na + ratio in shoot tissue is a reliable index to explain salt tolerance in rice genotypes. Fajr as salt-tolerant and Khazar as salt-sensitive genotypes showed the highest and the lowest Ca 2+ /Na + ratio, respectively ( Figure 7 ). This result confirms that calcium uptake decreased with salinity in Khazar genotype (salt sensitive) while it remained at constant levels in Fajr genotype (salt tolerant) [31] .
High salt concentrations induce suberization in endodermis and suberin lamellae are also identified an apoplastic barrier. Some studies implicate an additional bypass pathway for Na + and K + uptake at high salt concentrations [32] . However, there is only an apoplastic bypass pathway for Ca 2+ [33] . On the other hand, it is also noted that suberin lamellae in Khazar genotype (salt sensitive) are thicker than in Fajr genotype at Na 2 SO 4 treatment (Figure 2) .
These results obtained implicate a relationship between the uptake of nutrient elements and apoplastic barrier such as suberin lamellae in endodermis. When salt concentration increases up to EC of 7 dS m −1 with Na 2 SO 4 treatment, the thickened suberin lamellae (Figure 3 ) are accompanied by a decrease in Ca 2+ uptake ( Figure 5 ). It can be interpreted that the apoplastic pathway is blocked by suberin deposition as the salt concentration increases and consequently Ca 2+ uptake through apoplastic pathway is limited. In this case, salt composition especially Na 2 SO 4 treatment intensifies that mechanism. Therefore, the radial transport of Ca 2+ can only be controlled by the number of passage cells in root tissues. As shown in Figure 1 , the number of passage cells increase more in Fajr genotype than in Khazar genotype. Fajr genotype (salt tolerant) is able to keep some passage cells without suberin lamellae to maintain plasma membrane permeability of endodermis, and the Ca 2+ /Na + ratio in Fajr genotype is more than in Khazar genotype. It can also be concluded that Fajr genotype with passage cells in its root tissue has the highest concentration of Ca 2+ in its shoot tissues ( Figure 7) .
The least Ca 2+ uptake by rice seedlings exposed to Na 2 SO 4 salt stress also proves that Ca 2+ concentration in root tissue decreased by increasing SO 4 2− concentration in root media ( Figure 5 ). It suggests that there is an antagonistic effect between high SO 4 2− concentration and Ca 2+ uptake.
Conclusion
We report for the first time that salt compositions differently affected suberin deposition in endodermis. The deposition of suberin in cell wall increased when single salts were applied for salt treatment compared to mixed salts. The most study of salt effects on suberization have been focused on NaCl effects. Because of the different compositions of soil solution at natural conditions, it seems that the response of rice genotypes to salinity under field conditions may be different
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The results of this study show that there is a relationship between suberin depositions in endodermic cell wall and the number of passage cells in rice salt-tolerant genotypes. Of course, this challenge needs to be assessed by more studies.
